One of our most remarkable perceptual capacities is our ability to recover the three dimensional structure of our environments. All of our actions rely on the ability to recover information about the positions, shapes, and material properties of objects and surfaces as they exist in three-dimensional space. In vision, depth perception refers to the ability to recover depth from the two dimensional images projected to our two eyes. The information used to recover depth can be divided into two broad kinds: information contained in a single view of a scene (pictorial depth); and information contained in multiple views (the sense of depth generated by either motion and/or our two eyes [stereopsis]).
position of objects when they are viewed from different positions. The apparent shift in the relative positions of objects in the two views generated by binocular parallax can be experienced by alternately opening and closing your two eyes. The impression of depth generated from binocular parallax is known as stereopsis. The importance of binocular parallax in giving precise information about depth can be seen by the fact that virtually all animals that have stereopsis are predators. This ability comes at a cost, however, since this requires viewing the same region of the world from two perspectives, and hence, a frontal placement of the eyes. In contrast, most prey have laterally placed eyes, which sacrifices the high resolution depth information afforded by stereopsis in favor of a larger visual field, but has the distinct advantage of being able to spot a predator coming from all directions.
In order to extract depth information from binocular parallax, the visual system must determine how to combine or fuse the two images into a single 3D representation. A failure to fuse images can create a perceptual disaster, known as diplopia (or double vision), and ultimately, to binocular rivalry. When binocular fusion occurs, an impression of a single, threedimensional world is experienced. When the images on the two eyes do not fuse, a perceptual battle called rivalry ensues, and the images in the two eyes compete. In order for fusion to occur, the images in the two eyes must be brought into correspondence. To understand this problem, imagine that the retinal images have been copied onto two transparencies. Your goal is to line up the images as best as possible. Due to the shift of the relative position of the objects caused by binocular parallax, the images can never be perfectly aligned, but the overall difference between the positions of objects in the two images can be made larger or smaller. Binocular fusion and stereopsis only occurs when the differences between the two images are less than some value, known as the fusion limit.
Once the images are brought within the fusion limit by the appropriate binocular eye movements (known as vergence movements), there remains the problem of extracting depth from the two views. Some of the regions in the two images will correspond to a common portion of an object's surface seen from two slightly different positions. The relative difference in retinal position of these surface regions is known as binocular disparity, which gives rise to a vivid sense of depth. The size of the disparity corresponds to an objects depth from the fixation point, and the sign of the disparity (i.e., the direction it is shifted in the two eyes). The sign determines whether a feature is closer or farther than the fixation point (crossed and uncrossed disparity, respectively). The region that is binocularly fixated will fall on the centers of both eyes, and therefore have zero disparity. Most other regions in the scene will fall on noncorresponding portions of the two eyes (because of binocular parallax), and will generate a non-zero value of disparity.
In addition to disparity, the binocular viewing of occluding surfaces also provides information about stereoscopic depth by generating features that are visible to only one eye. You can observe this by alternately opening and closing your left and right eyes white attending to the right edge of this book. Notice that your right eye can see a portion of the area behind the edge of the book that is not visible to your left eye. The opposite is true along the left side of the book: the left eye sees more of the background than the right. These monocular (or halfoccluded) regions provide information about the presence of occluding contour that the visual system uses to separate objects from backgrounds.
There are strong parallels between the depth experienced from binocular parallax and the depth experienced by motion parallax. When an observer moves, s/he acquires a continuous stream of new views. In stereopsis, the multiple views are always in a fixed spatial relationship relative to one another, since the eyes are in a fixed relative position in our heads. However, since we are capable of moving in three dimensions, the same is not true for motion parallax. The amount of motion parallax generated by an observer depends on how fast the observer is moving, whereas the maximal amount of binocular parallax is limited by the distance between the eyes. Moreover, a variety of different motion patterns can be generated by motion parallax, and these patterns impart different experiences of depth. The parallax field most similar to that generated by binocular vision occurs when an observer moves her head laterally to the left or right. For example, if you fixate any object in a scene and move your head laterally to the right, the objects closer to the point of fixation appear to move the left, whereas those farther than the fixation appear to move to the right. The speed that a surface patch moves relative to the point of fixation will increase as distance from the fixation point increases. The difference in the relative velocities of objects is analogous the disparity differences generated binocularly. Moreover, just as binocular parallax generates features that are visible in only one eye, motion parallax generates features that appear (or accrete), and features that disappear (or delete) behind occluding surfaces. This accretion and deletion of partially occluded objects provides compelling information about 3D structure. Motion parallax can therefore provide information about relative depth in much the same way as binocular disparity.
However, motion generates more than one kind of parallax field that imparts a sense of depth. When an observer walks through a 3D world and looks straight ahead, a global optic flow pattern is generated: the entire visual field appears to expand and flow out of the point of fixation and around the observer. This pattern of optic flow only occurs when an observer moves relative to her environment, and therefore provides an unambiguous source of visual information about self-motion. Indeed, when this flow pattern is reproduced in an artificial environment and shown to stationary observers, an extremely compelling sense of self-motion through a 3D world is experienced. Note that this type of parallax field is unique to motion: one eye would have to be placed well in front of the other to generate a similar parallax field in binocular vision.
In addition to the parallax generated by a moving observer, the relative motion of regions within a moving object can also provide information about relative depth, even for stationary observers. The kinetic depth effect (or KDE) refers to the experience of depth generated by the relative motion of surface regions within an object. An example of this effect can be constructed with the aid of a piece of white paper, a bright flashlight (or projector), and a wire (such as a paper clip). Bend the wire into a random 3D shape, hold it up behind the sheet of white paper, and use a flashlight to cast a shadow of the paper clip on the paper. If you rotate the paper clip, this will create a 2D image in which the portions of the paper clip move with different velocities. Nonetheless, we are able to use the differential velocities in the image to recover a 3D object rotating in depth. However, in these stimuli, a new ambiguity is created: although the object appears 3D, it can appear to undergo a dramatic and abrupt change in the perceived direction of rotation, even when no changes occur in the stimulus. The multistability of the KDE occurs because there is no information to uniquely determine which direction of velocity is generated by the nearer and farther surface regions within the object; all that is known is that relative depth scales with the magnitude of the velocity (i.e., speed). This multistability is not observed when the parallax is generated by an observer's self-movement, which suggests that some nonvisual source of information may play an important role in correctly assigning a unique depth order to the differential velocity created by an observers movement.
The preceding briefly described some of the visual information about depth that is available to animals, but it does not say how depth is recovered by our brains. There are two main schools of thought about how 3D structure is recovered by our visual systems. One perspective assumes that the visual system acts as a kind of detective, whereby the different visual "cues" described above are independently measured, each providing some evidence that is used to guess the true 3D structure. The need for such detective work arises from the (apparent) fact that vision begins with two-dimensional images that must somehow be "expanded" into a 3D representation, and because the brain is thought to measure a number of different kinds of information separately and in parallel. The problem is that there are an infinite number of ways that the 2D images could be "expanded" into a 3D representation (mathematically speaking, the mapping of 2D images into a 3D space is underconstrained). To overcome this ambiguity, assumptions must be made about the likely cause of a given image, and the different cues to depth must be combined into a single, 3D representation.
The other school of thought asserts that depth perception does not rely on ambiguous "cues" in images to recover depth. Rather, depth is recovered by directly sensing complex relationships between optical properties that uniquely specify the 3D relationships between surfaces [Gibson] . In this theoretical framework, the starting point of visual processing is not the images formed on the eye, but rather, the three dimensional optical structure formed by the reflections of light from surfaces into the optical media (air). This perspective assumes that our experience of depth indicates the presence of invariants that have a one-to-one correspondence with the 3D structure of our environments. All that is putatively required is a system capable of sensing these invariant patterns; no visual "detective work" is needed. Instead, the problem is to understand how evolution equipped us with "sensors" that respond directly to these complex, invariant patterns.
Although current research focuses on some variant of the cue approach to depth perception, there is currently no conclusive answer as to which school of thought is correct.
